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INTRODUCTION 


This  study  was  conducted  by  Bat te lie's  Pacific  Northwest  Laboratory 
(PNL)  for  the  U.S.  Army's  Ballistic  Research  Laboratory  (BRL) .  The 
purpose  of  this  study  was  to  develop  methods  to  evaluate  the  magnitude  of 
the  restoring  or  foundation  moment  generated  by  cocking  of  an  obturated 
projectile  while  it  is  within  the  bore  of  a  gun.  Saboted  projectiles  (KE- 
type)  most  commonly  ride  the  bore  of  the  gun  during  launch  on  what  is  called 
the  obturator  or  drive  band.  Stability  of  the  projectile  in-bore  is  most 
often  provided  by  two  bore  contact  surfaces  located  at  some  distance  from 
one  another  (i.e.,  a  long  "wheel  base").  The  rearward  surface  is  provided 
by  the  plastic  obturator,  and  the  forward  surface  is  either  a  plastic  band 
or  steel  bourrelet  which  rides  the  gun  bore.  The  use  of  two  bore  riding 
surfaces  results  in  a  greater  parasitic  weight  of  the  projectile  (the 
sabot)  than  if  there  were  only  one  bore  riding  surface.  A  cross-section 
view  of  a  typical  KE  projectile  with  a  long  "wheel  base"  is  shown  in  Figure 
1. 


The  purpose  of  this  project  is  to  develop  analysis  methods  to  be 
applied  in  the  design  of  projectiles  with  one  bore-riding  surface  and  with 
good  in-bore  stability.  One  of  the  contributing  factors  to  stability  is 
the  righting  moment  which  occurs  when  the  projectile  begins  to  cock  in 
bore.  This  righting  moment  will  be  a  function  of  the  stiffness  of  the 
plastic  obturator  or  drive  band  and  its  resistance  to  local  radial 
deformations.  The  characteristics  of  this  band  as  well  as  the  stiffness  of 
the  sabot  are  therefore  very  important  in  determining  the  resistance  of  the 
single  bore  contact  projectile  to  balloting  or  wobbling  in  the  bore  of  the 
gun. 


In  the  case  of  the  projectile  with  a  long  "wheel  base,"  this  wobbling 
resistance  (termed  foundation  moment)  is  provided  by  the  separation  of  two 
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line  contacts  with  a  fairly  rigid  member  between  them.  In  the  case  of  the 
single  bore  contact  projectile,  this  resistance  to  wobbling  or  foundation 
moment  is  provided  by  the  stiffness  of  the  obturator  drive  band. 

This  report  describes  an  experimental  and  analytical  study  performed 
at  PNL  to  estimate  the  foundation  moment.  A  simplified  but  characteristic 
geometry  was  chosen  which  was  simple  both  to  model  analytically  and  to 
fabricate  for  experimental  studies.  Three  different  finite  element  models 
were  constructed  for  the  purpose  of  evaluating  alternate  simulation 
techniques.  An  experimental  apparatus  was  also  constructed  with  the  same 
geometry  in  order  to  verify  the  analytical  models.  This  report  documents 
the  analysis,  testing,  and  conclusions  of  the  project  thus  far.  For  the 
sake  of  simplicity,  this  report  looks  at  the  problem  in  a  nondimen sional 
manner.  The  only  time  that  actual  dimensions  are  reported  is  in  the 
Implications  of  Results  section  in  which  results  of  the  analysis  are  scaled 
up  to  what  would  be  seen  in  an  actual  gun  tube. 


FINITE  ELEMENT  MODELS 


Following  a  meeting  between  BRL  and  PNL  personnel  in  early  January 
1982,  a  geometry  was  chosen  for  the  finite  element  and  testing  phase  of  the 
program.  That  geometry  is  shown  in  cross-section  view  in  Figure  2.  This 
figure  shows  a  plot  of  a  finite  element  mesh  developed  for  the  finite 
element  code  ANSYS,*  All  finite  element  stress  analyses  were  performed 
with  ANSYS.  The  large  diameter  portion  of  the  model  in  Figure  2  is  the 
"bore-riding"  portion  of  the  configuration,  and  the  small  diameter 
extension  serves  as  the  arm  by  which  a  moment  can  be  applied  to  the  "bore¬ 
riding"  portion.  The  shaded  area  of  the  "bore-riding"  part  models  the 
plastic  band  or  obturator.  This  plastic  band  was  restrained  at  its  outer 
diameter  in  the  radial  direction.  A  transverse  deflection  was  applied  at 
the  end  of  the  arm,  to  apply  a  moment  to  the  model.  The  finite  element 
analysis  calculated  the  reaction  force  at  the  deflected  end  of  the  am 
which  in  effect  gives  the  moment  required  to  produce  the  known  (prescribed) 
angular  deflection, 

ELEMENT  AND  MESH  REFINEMENT  STUDIES 

Two* dimensional  (2-0)  ax 1  symmetric  finite  element  codes  do  not 
generally  allow  nonaxi symmetric  loading  such  as  that  required  for  the 
present  analysis.  ANSYS,  however,  permits  the  nohtxl symmetric  loading  to 
be  applied  in  the  form  of  a  sinusoidal  variation  around  the  circumference 
of  the  model.  The  variation  is  in  the  form  o*  A  sin  Ne,  where  A  is  the 
amplitude  of  the  loading  and  N  is  the  number  of  sine  waves  applied  around 
the  circumference.  (One  can  also  specify  that  the  loading  is  A  cos  he.)  By 
adding  up  the  results  of  several  analyses  the  solution  for  a  Fourier  series 
type  of  loading  can  be  obtained.  For  this  work,  only  a  single  term  is 
required  to  describe  the  0.1-inch  deflection  at  the  end  of  the  model  (i.e., 
0.1  cos  e). 


*  A  A/S  VS  &  pt&ptietaty  engines  ting  maiyiii  computet  ptogtom  timed, 
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It  is  possible  that  the  2-D  representation  with  nonaxi symmetric 
loading  can  give  more  accurate  results  than  a  model  using  3-D  finite 
elements.  The  3-D  model,  for  the  same  cost  per  computation,  must  be  meshed 
coarsely  in  the  circumferential  direction.  This  will  cause  numerical 
errors  not  present  in  the  2-D  axisymmetric  model,  which  treats  circum¬ 
ferential  variations  in  stress  in  an  "exact"  analytical  manner.  The  2-D 
element  used  in  ANSYS  does  not,  however,  allow  material  nonlinearities  in 
conjunction  with  nonaxi symmetric  loadings.  It  is  expected  that  the 
plastics  used  for  obturator  materials  will  not  behave  in  a  linear  elastic 
fashion  at  the  stress  levels  imposed  during  launch  of  a  projectile.  The 
ANSYS  3-D  element  can  treat  material  nonlinearity,  and  for  this  reason,  a 
3-D  model  was  also  developed  as  shown  in  Figure  3.  The  2-D  model  was  used 
primarily  as  a  guide  for  evaluating  the  circumferential  mesh  refinement 
for  the  3-D  models. 

A  three-dimensional  finite  element  analysis  can  involve  considerable 
computing  costs,  since  the  number  of  nodes  and  elements  increase  rapidly 
with  the  level  of  refinement  of  the  mesh.  In  this  case,  the  refinement  of 
concern  is  in  the  circumferential  direction.  The  cost  of  a  finite  element 
analysis  goes  up  at  least  in  proportion  to  the  increase  in  number  of  nodes 
and  elements,  since  the  number  of  degrees  of  freedom  directly  determines 
the  size  of  the  system  of  equations  which  has  to  be  solved.  Nonlinear 
materials  require  iterative  solutions,  which  typically  increase  cost  about 
an  order  of  magnitude.  For  these  reasons,  it  was  desirable  to  determine  an 
optimum  circumferential  mesh  refinement  for  the  3-D  analysis. 

The  3-D  model  as  shown  in  Figure  3  has  a  moment  applying  arm,  a  bore¬ 
riding  portion  and  a  plastic  band  (i.e.,  shaded  region).  This  model  is 
meshed  into  30  degree  segments  circumferentially.  The  element  used  is  the 
3-D  extension  of  the  2-D  isoparametric  quadrilateral  used  in  the  axi¬ 
symmetric  model.  It  is  often  described  as  an  8-node  brick  element.  The 
fact  that  element  stresses  are  computed  by  ANSYS  only  at  the  element 


centroid  gives  rise  to  less  detailed  stress  output  than  the  2-D  models. 
The  3-0  element  does,  however,  allow  material  nonlinearities  in  the  form  of 
inelastic  strains  which  will  occur  in  the  obturator  material  during  launch 
of  a  projectile. 

Another  finite  element  model  was  developed  as  a  further  check  on  the 
2-D  axisymmetric  model  with  non  ax i symmetric  loading.  This  model  treats 
the  large  bore-ridina  part  o*  the  chosen  geometry  as  seen  in  an  end  on  view. 
This  model,  shown  in  Figure  4,  is  essentially  a  flat  circular  plate  of  unit 
(1  in.)  (2.54  cm)  thickness.  It  is  constrained  radially  (radial 
displacement  =  0)  at  its  outside  edge  and  a  small  radial  displacement  (0.01 
in.)  (0.0254  cm)  is  imposed  at  its  center.  The  circumferential  mesh 
increment  is  5  degrees.  The  2-0  axisymmetric  and  3-D  models  were  also 
constrained  and  loaded  in  this  fashion.  In  addition,  the  3-D  model  mesh 
was  refined  circumferentially  from  30  degrees  per  element  to  15  degrees  and 
10  degrees.  In  this  manner,  a  sensitivity  study  was  performed  to  study  the 
effects  of  mesh  refinement  of  the  3-D  models.  The  results  are  shown  in 
Figure  5.  Note  that  all  of  the  models  produced  results  that  differed  by 
less  than  10  percent  and  that  even  the  3-D  model  with  30  degree  elements 
produced  good  results.  It  was  thought,  however,  that  a  15  degree 
circumferential  mesh  refinement,  although  not  required  in  the  linear 
elastic  analyses,  would  be  desirable  when  material  nonlinearities  were 
added  to  the  model.  The  15  degree  circumferential  mesh  refinement  was 
therefore  chosen  for  the  remainder  of  the  3-D  modelling. 

FURTHER  ANALYSIS 

The  material  properties  used  initially  for  the  plastic  band  were 
taken  from  handbook  values.  It  was  also  originally  thought  that  a  rigid 
representation  of  the  metal  parts  would  be  adequate.  For  the  plastic  band 
material  values  of  175,000  psi  (1207  MPa)  for  Young's  modulus  and  0.4  for 
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2-D  End-On  Model  of  Test  Fixture  Showing  5  Degree  Circumferentia 
Mesh  Size,  Plastic  Band,  Restraints,  and  Imposed  Displacement 


Poisson's  Ratio  were  chosen  on  the  basis  of  manufacturers'  data1  and 
discussions  with  staff  in  PNL's  Materials  Department.  These  values  and  a 
Young's  modulus  of  30  X  108  psi  (20.7  x  106  MPa)  (2  orders  of  magnitude  more 
stiff  than  steel)  for  the  metal  core  of  the  model  produced  the  results 
shown  in  Figure  5. 

During  the  course  of  this  project  several  aspects  of  the  models  used 
in  the  above  described  element  selection  and  mesh  refinement  study  were 
changed.  The  most  notable  changes  were  the  properties  of  the  plastic  used 
for  obturator  band  material,  and  the  geometry  of  the  metal  portion  of  the 
model.  A  small  variation  in  the  banded  (bore-riding)  part  of  the  model  was 
required  to  produce  a  band  that  would  not  slip  during  testing.  That 
geometry  is  shown  in  Figure  6.  It  is  essentially  identical  to  that  shown 
in  Figure  3  except  that  the  plastic  band  has  a  thicker  portion  which  fits 
into  a  central  depression  in  the  metal  core.  This  eliminated  any 
possibility  of  slip  in  the  axial  direction  at  the  core-plastic  interface. 

A  second,  much  more  significant  change  had  to  be  made  in  the  geometry 
of  the  moment-applying  bar  portion  of  the  model.  Initial  testing  and 
analysis  showed  an  unexpectedly  high  moment  generated  by  the  plastic  band 
and  associated  bending  of  the  bar.  Therefore.it  was  decided  to  stiffen  the 
bar  considerably. 

The  elastic  properties  of  the  plastic  obturator  material  were  also 
changed  during  the  course  of  this  project.  Initial  handbook  values  for 
Young's  modulus  proved  to  be  much  lower  than  the  actual  material  used  in 
the  testing  phase  of  this  work.  Material  tests  performed  as  part  of  this 
project  are  described  in  another  section  of  this  report. 


2  DuPont  Plasties  Design  Handbook ,  page  IS,  Table  5. 
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FIGURE  5.  Results  of  Circumferential  Mesh  Size  Sensitivity  Study 


Circumferential  Element  Size 


TEST  FIXTURE 


The  original  test  fixture  built  to  measure  the  foundation  moment  is 
shown  in  Figure  7.  Figure  8  shows  a  series  of  photographs  of  the  fixture 
in  the  load  frame  used  for  the  tests.  Figure  9  is  a  schematic  of  the 
original  test  fixture.  The  central  portion  of  the  assembly  is  made  of 
aluminum  bar  stock.  The  aluminum  portion  comes  apart  in  the  middle  to 
allow  installation  of  the  plastic  band.  Four  hardened  cap  screws  were  used 
to  fasten  the  aluminum  end  cap  which  holds  the  plastic  band  in  place.  Once 
this  aluminum  and  plastic  assembly  is  put  together,  it  is  bolted  into  the 
steel  frame  shown  schematically  in  Figure  9  and  pictorially  in  Figures  7 
and  8.  This  steel  frame  consists  of  a  bottom  plate  and  an  upright  member 
which  is  split  horizontally  to  allow  installation  of  the  aluminum  and 
plastic  assembly.  In  this  fashion,  a  simulated  projectile  (aluminum  and 
plastic  assembly)  is  assembled  into  a  short  section  of  a  simulated  gun  tube 
(steel  clamping  device).  The  inside  of  the  steel  clamping  fixture  and  the 
outer  surface  of  the  plastic  band  had  machined  grooves  to  prevent  slippage 
along  the  plastic-steel  interface.  To  ensure  proper  clamping  of  the 
aluminum  and  plastic  assembly,  an  interference  of  approximately  0.005  in. 
(0.013  cm)  was  provided  in  the  steel  clamping  device.  The  bottom  of  the 
upper  semicircular  clamp  was  machined  off  to  provide  this  interference. 

The  plastic  band  in  the  test  fixture  was  machined  from  a  tube  of  nylon 
ordered  from  DuPont.  The  tube  is  centrifugal ly  cast  ZYTEL  101  with  an 
outside  diameter  of  3-1/8  in.  (7.9  cm)  and  an  inside  diameter  of  1-1/4  in. 
(3.2  cm).  The  material  was  specified  with  a  military  specification  common 
to  most  of  the  KE  obturators.  This  specification  is:  nylon  tube, 
centrifugal ly  cast,  ZYTEL  101,  composition  "A,"  Type  I,  MIL-M-20693. 

This  entire  assembly  was  placed  in  a  load  frame.  This  frame  consisted 
of  a  handcranked  bottom  platen  which  moves  the  specimen  up  to  contact  a 
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FIGURE  8.  Photographs  of  Test  Fixture  Installed  in  its  Load  Frame. 
Note  Load  Cell  and  Clip  Gage 
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mandrel  which  is  bolted  to  a  BIH  Electronics  Type  U632  load  cell.  The  load 
cell  signal  was  conditioned  with  a  Doric  Digital  Transducer  Indicator 
Model  420  with  analog  output.  The  capacity  of  this  load  frame  was  10,000 
lbf  (5450  kg).  A  clip  gauge  was  placed  between  the  bottom  plate  of  the 
fixture  and  the  end  of  the  moment  applying  arm  (aluminum  arm).  This  clip 
gauge  is  a  doubly  cantilevered  gauge  with  four  micromeasurement  strain 
gauges  connected  in  a  Wheatstone  bridge.  The  output  signal  from  the  gauge 
was  conditioned  with  an  Endevco  Model  4470  voltage  regulator  bridge 
conditioner.  This  signal,  combined  with  the  output  from  the  BLH 
electronics  load  cell,  was  fed  to  a  Honeywell  Model  1540  X-Y  chart 
recorder.  The  entire  system  was  calibrated  and  used  to  obtain  a  plot  of 
force  versus  deflection  at  the  end  of  the  aluminun  bar. 


TEST  RESULTS  VS.  FINITE  ELEMENT  ANALYSIS 


The  results  of  the  first  test  are  shown  in  Figure  10.  Note  that  the 
force  required  to  deflect  the  end  of  the  aluminum  bar  by  0.1  in.  (0.25  cm) 
was  about  180-190  lbf  (82-86  kg).  The  initial  finite  element  analyses 
treated  the  metallic  parts  as  essentially  rigid  because  it  was  thought  that 
the  resisting  moment  (foundation  moment)  would  be  fairly  small.  It  is  most 
commonly  treated  as  a  higher  order  effect  in  ballistic  analyses  of 
projectiles. 

The  initial  analyses  predicted  forces  much  greater  than  the  190  lbf 
(86  kg)  output  from  the  test.  The  forces  calculated  by  ANSYS  were  in  excess 
of  1300  lbf  (590  kg)  and  in  one  case  as  high  as  8200  lbf  (3720  kg),  computed 
by  using  different  restraint  conditions.  Explanations  were  sought  for  the 
obvious  difference  between  the  analysis  and  the  test.  A  possible  source  of 
the  discrepancy  was  the  compliance  of  the  test  fixture.  To  check  for 
compliance  the  actual  modulus  of  elasticity  (10  X  10®  psi)  (69  x  108  MPa) 
was  used  for  the  aluminum  central  portion  in  the  ANSYS  model.  The 
calculated  reaction  force  at  the  end  of  the  aluminum  bar  dropped  from  1390 
lbf  (630  kg)  to  325  lbf  (147  kg).  The  fixture  was  obviously  much  too 
compliant  to  be  modeled  as  a  rigid  member  in  the  finite  element  simulation. 
Figure  11  portrays  graphically  the  difference  between  a  rigid  center  and  an 
aluminum  center.  It  is  a  plot  of  the  centerline  deflection  (as  calculated 
by  ANSYS)  of  the  fixture  for  two  cases;  one  with  the  center  portion 
modelled  as  rigid  (£  ■  30  X  108  psi)  (20.7  x  108  MPa),  and  one  for  an 
aluminum  eenter  (E  *  10  X  108  psi)  (69  x  TO3  MPa).  Note  that  almost  all  of 
the  deflection  in  the  case  of  the  aluminum  center  consists  of  bending  In 
the  bar. 

To  minimise  undesired  bending  of  the  bar,  a  new  central  core  was 
designed  and  manufactured  from  a  single  bar  of  304  stainless  steel.  A 


FIGURE  11 .  Centerline  Deflection  for  Rigid  Fixture  and  Aluminum  Fixture 


schematic  of  this  central  piece  is  shown  in  Figure  12,  and  photographs  of 
it  are  shown  in  Figure  13.  A  slot  was  added  to  the  rear  portion  of  the  arm 
to  get  clearance  for  the  clip  gauge  in  the  test  setup.  The  ANSYS  model  for 
this  new  central  portion  is  shown  in  Figure  14.  Because  the  interest  was 
in  the  behavior  at  the  plastic-to-bore  interface,  it  was  unnecessary  to  add 
the  notch  geometry  to  the  ANSYS  model.  The  results  for  this  ANSYS  model 
which  treated  the  compliance  of  the  stainless  steel  rod  {1314  lbf)  (597  kg) 
were  reasonably  close  to  the  results  of  the  rigid  center  case  (1375  lbf) 
(624  kg). 

The  tested  results  for  this  new  central  core  clamped  in  tne  original 
fixture  are  shown  in  Figure  15.  The  clamping  fixture  was  then  also 
stiffened  as  shown  in  the  photographs  of  Figure  16.  The  results  of  tests 
with  the  newly  revised  fixture  are  shown  in  Figure  17.  If  the  measurements 
from  the  last  test  are  corrected  for  bolt  stretch  in  the  clamping  device 
and  for  bending  of  the  bottom  plate  of  the  clamping  device,  the  test  data 
indicate  that  it  will  require  approximately  1800  lbf  (810  kg)  to  deflect 
the  end  of  the  fixture  0.02  in.  (.05  cm).  Further  predictions  were  made 
using  ANSYS.  These  predictions  use  a  0.02  in.  (0.05  cm)  fixture  end 
deflection,  the  stainless  steel  core,  and  a  nylon  elastic  modulus  of 
600,000  psi  (4140  MPa).  The  measured  result  of  1800  lbf  (810  kg)  is  bounded 
by  two  predictions  varying  boundary  conditions:  fixed  axially  and  radially 
at  the  plastic  gun  bore  interface,  and  fixed  radially  only  at  this 
interface. 


FIGURE  12.  New  Fixture  Central  Core,  Machined  From 
Type  304  Stainless  Steel 


IGURE  14.  Finite  Element  Model  of  New  Fixture  Central  Core 


DISPLACEMENT  (0.01  inches  (0.01S  cm) /targe  division) 
FIGURE  15.  Test  Results  With  New  Central  Core  Portion 
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DISPLACEMENT  (0.01  inches  (0.02S  cm) /large  division) 
FIGURE  17.  Test  Results  With  Newly  Stiffened  Fixture 
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BOUNDARY  CONDITIONS  -  FIXED  VERSUS  SLIDING 


The  boundary  conditions  at  the  plastlc-to-gun-bore  Interface  are  a 
critical  aspect  of  the  analysis.  In  order  to  model  this  interface  using 
ANSYS,  the  outer  nodes  of  the  plastic  band  were  assigned  zero  displacement 
values  in  specified  directions.  This  essentially  models  the  gun  bore  as  a 
rigid  boundary.  These  nodes  could  be  fixed  in  the  radial,  axial  or 
circumferential  directions.  The  method  used  to  generate  the  nodal  points 
used  a  cylindrical  coordinate  system.  In  the  convention  of  the  ANSYS  code 
this  means  that  fixing  a  node  in  the  X-direction  was  the  same  as  fixing  it 
in  the  radial  direction.  The  Y-coordinate  coresponded  to  the  tangential 
(or  e)  direction,  and  the  Z -coordinate  corresponded  to  the  axial  direction. 
Since  the  simulation  did  not  Include  twisting  of  the  projectile  in-bore 
(i.e.,  a  smooth  bore  bullet),  the  displacement  in  the  e-direction  was  not 
constrained.  This  leaves  two  options,  nodes  fixed  only  in  the  R-direction 
(radially),  or  in  both  the  r  and  *directions  (radial  and  axial).  The  test 
fixture  had  circumferential  grooves  machined  into  it  as  mentioned  before, 
so  it  would  seem  reasonable  to  expect  that  the  plastic  would  not  slip 
axially  in  the  test.  In  a  gun  tube,  however,  the  plastic  is  always  sliding 
axially  along  the  bore  surface.  In  this  light,  It  is  more  reasonable  to  fix 
these  points  in  the  radial  direction  only  when  modeling  actual  projectile 
behavior.  In  order  to  both  model  the  condition  of  the  test  fixture,  and 
shed  some  light  upon  the  actual  foundation  moment  under  launch  conditions, 
both  of  these  cases  were  analyzed.  The  analyses  of  these  two  cases 
produced  some  surprising  results.  If  we  assume  that  the  end  deflection  of 
the  bar  is  0.1  in.  (0.25  cm)  as  before,  ANSYS  predicted  reaction  forces  of 
1314  Ibf  (597  kg)  when  only  radial  displacements  were  fixed  and  7280  Ibf 
(3305  kg)  for  the  case  where  the  outer  plastic  nodes  were  fixed  in  both  the 
radial  and  axial  directions.  This  Is  a  factor  of  over  5.5  difference 
between  the  two  cases. 
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A  closed-form  calculation  was  performed  in  an  attempt  to  explain  this 
large  difference  in  predicted  load.  The  idea  behind  this  calculation  is  to 
evaluate  the  ratio  of  moment  with  frictionless  sliding  at  the  bore  contact 
surface  to  moment  with  no  sliding  at  this  interface.  Essentially,  the 
shear  stiffness  of  the  plastic  band  contributes  to  the  moment  in  the  no- 
sliding  case.  The  results  of  this  computation  are  given  below  in  Table  1. 
The  details  of  the  analysis  are  provided  in  an  appendix  of  this  report,  as 
are  definitions  of  the  terms  in  the  equations. 

TABLE  1.  LOAD  RATIO  FROM  ANSYS  AND  COMPUTATION 


Load  Ratio  =  Frictionless  Sliding 

Load  with  No  Sliding 

ANSYS  Runs:  Load  Ratio  =  jj*  ■  0.18 


Closed-Form  Estimate:  Load  Ratio  = 


1 


1  +  6 


T'TR  ~-"ty 

i2  (1  +  v) 


*  0.16 


This  estimation  shows  that  a  very  large  difference  is  expected  for  the  two 
alternative  boundary  conditions.  Several  assumptions  were  made  in  the 
closed-form  estimate,  and  these  contribute  to  the  difference  with  the  ANSYS 
solution.  The  assumptions  are  also  detailed  in  the  appendix  of  this  report 
which  describes  the  closed-form  analysis. 

As  was  noted  in  the  previous  section  of  this  report,  the  data  from  the 
test  lie  somewhere  between  the  two  cases.  Table  2  is  a  listing  of  the 
results  of  a  sensitivity  study  performed  upon  changing  both  the  elastic 
modulus  of  the  plastic  band  and  the  type  of  imposed  boundary  conditions. 
All  of  the  predicted  forces  in  Table  2  are  for  a  0.02  in.  (0.05  cm)  imposed 
deflection  at  the  moment  applying  end  of  the  ANSYS  model. 


-37- 


TABLE  2.  ANALYSIS  RESULTS  VARYING  Ef^yioN  AND 
BOUNDARY  CONDITIONS 


ENy1 

(PSi) 

on 

(MPa) 

Fixity 

Force  Predicted 
by  ANSYS 
(Ibf)  (kg) 

175,000 

(1207) 

Radial 

268 

(122) 

175,000 

(1207) 

Radial  +  Axial 

1,456 

(661) 

370,000 

(2550) 

Radial 

540 

(245) 

370,000 

(2550) 

Radial  +  Axial 

2,683 

(1218) 

600,000 

(4130) 

Radial 

829 

(376) 

600,000 

(4130) 

Radial  +  Axial 

3,780 

(1716) 

Two  trends  are  immediately  apparent  upon  examining  this  table.  First,  the 
boundary  conditions  imposed  upon  the  model  are  very  important  in  deter¬ 
mining  the  predicted  system  stiffness.  In  all  cases  there  is  at  least  a 
factor  of  4.5  difference  in  predicted  force  between  the  two  alternate 
boundary  conditions.  Second,  the  relationship  between  the  elastic  modulus 
of  the  band  and  foundation  moment  is  not  linear.  An  increase  in  elastic 
modulus  by  a  factor  of  two  does  not  Increase  the  stiffness  of  the  system  by 
a  factor  of  two.  This  is  at  least  partly  because  deformation  of  the  steel 
core  plays  an  increasing  role  in  the  flexing  of  the  fixture  with  increasing 
band  stiffness.  This  result  shows  that  modelling  the  metallic  parts  as 
rigid  is  not  a  valid  assumption.  It  also  shows  that  the  interaction 
between  obturator  and  sabot,  and  the  deformations  of  the  metallic  parts  of 
any  projectile  play  a  significant  role  in  determining  the  magnitude  of  the 
system  stiffness  and  contribute  to  the  balloting  response  of  the  pro¬ 
jectile.  Any  design  strategy  which  deals  with  foundation  moment  must 
therefore  include  the  compliance  of  the  metallic  parts  of  the  projectile. 
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MATERIAL  PROPERTIES  TESTS 


The  only  mechanical  properties  available  for  the  specific  plastic 
used  to  fabricate  the  band  were  minimum  manufacturer 's  specifications.  As 
such,  it  was  decided  that  material  characterization  tests  for  the  plastic 
were  necessary  to  permit  detailed  comparisons  of  finite  element  pre¬ 
dictions  with  test  results.  Both  the  low  strain  rate  and  moderately  high 
strain  rate  regions  were  of  interest  since  the  elastic  modulus  and  yield 
strength  of  the  plastic  were  believed  to  change  with  changing  strain  rate. 
Both  properties  were  expected  to  increase  with  strain  rate. 

Initial  mechanical  properties  tests  were  performed  using  some  ex¬ 
truded  ZYTEL  101  bar  stock  that  was  available  in  PNL's  Materials  Department 
from  another  project.  Figure  18  shows  the  tensile  specimens  machined  from 
this  material.  Initially,  those  specimens  were  machined  from  this  bar 
stock.  All  three  were  machined  from  longitudinal  sections  of  the  bar; 
i.e.,  the  long  axis  of  the  specimens  was  in  the  extrusion  direction  of  the 
bar.  The  first  specimen  was  pulled  in  tension  to  failure  in  an  Instron 
tensile  test  machine.  This  was  the  "low  strain  rate"  test.  The  head  speed 
(rate  of  elongation  of  the  specimen)  was  .02  in. /min  (0.051  cm/min). 
Another  low  strain  rate  test  was  performed  In  a  similar  manner  except  that 
the  material  was  stressed  above  yield,  then  unloaded,  and  then  cycled  up  to 
a  stress  above  yield  again.  This  cycling  was  repeated  four  times,  and  then 
the  specimen  was  pulled  in  tension  to  failure.  This  cyclic  testing  was 
performed  to  study  the  anelastic  or  hysteresis  behavior  of  the  nylon 
material.  The  test  results  do  show  a  significant  amount  of  this  type  of 
behavior.  This  behavior  was  studied  in  this  fashion  because  of  the 
hysteresis  seen  in  the  bench  tests  (Figures  15  and  17).  The  shape  of  the 
Instron  test  curve  is  in  fact  very  similar  to  that  seen  in  the  bench  tests. 

The  third  specimen  was  pulled  to  failure  in  tension  at  a  high  rate  of 
strain.  The  specimen  was  loaded  into  a  drop  tower  and  impacted  by  a  falling 


9/16"  THREAD 


0.25" 

(0.64cm) 


(10.2cm) 

2” 

(5.1cm) 


FIGURE  1S>  Cress  Section  View  of  Zytel  101  Tensile 
Test  Spec  liens 
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weight.  The  velocity  of  the  falling  weight  was  3180  in. /min  (8077  cm/min). 
This  yields  strain  rates  160,000  t^mes  higher  than  those  used  in  the  slow 
rate  tests.  The  entire  high  strain  rate  testing  event  took  place  in  3.12 
msec  from  the  initial  impact.  Results  from  the  high  strain  rate  (dynamic) 
and  low  strain  rate  (static)  tests  are  summarized  in  Figure  19.  The  elastic 
modulus  for  the  low  rate  of  strain  tests  is  370,000  psi  (2250  MPa)  and  for 
the  high  rate  of  strain  tests  it  is  520,000  psi  (3590  MPa)  for  this 
particular  nylon.  The  third  sample,  before  impact  testing,  was  also  tested 
ultrasonically  to  determine  the  dynamic  modulus  of  elasticity.  This  test 
produced  a  modulus  of  520,000  psi  (3590  MPa),  as  in  the  impact  test. 

Test  specimens  were  also  cut  from  the  centrifugally  cast  tube  bought 
for  this  project.  These  specimens  were  cut  from  the  same  material  as  the 
nylon  bands  used  in  the  bench  test  fixture.  Three  tensile  specimens, 
identical  to  those  used  previously,  and  one  compression  specimen  (a 
cylinder  2-1/2  in.  (6.4  cm)  long  and  3/4  in.  (1.9  cm)  in  diameter)  were  cut 
from  this  material.  One  of  the  tensile  specimens  was  placed  in  a  bucket  of 
water  overnight  before  testing  to  determine  the  effect  of  water  absorption 
on  the  mechanical  properties  of  the  nylon  material.  Two  of  the  tensile 
specimens  were  tested  statically  (low  strain  rate):  one  dry  (65S£  relative 
humidity  in  the  lab  at  the  time)  and  one  wet  (out  of  the  bucket  of  water). 
These  two  were  tested  ultrasonically  before  being  pulled  to  failure  on  the 
Instron,  The  third  tensile  specimen  cut  from  the  tube  was  loaded  into  the 
drop  tower  and  tested  dynamically  (high  strain  rate).  The  compression 
specimen  was  tested  in  the  Instron  at  the  low  strain  rate. 

A  summary  of  the  results  of  all  of  the  nylon  mechanical  properties 
tests  performed  for  this  project  is  provided  in  Table  3.  There  are  a  few 
important  things  to  note  in  this  table.  First,  the  elastic  modulus  of  the 
delivered  nylon  product  is  considerably  above  minimum  manufacturers" 
specifications.  These  specifications  were  taken  directly  from  the 
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manufacturers'  specifications.  Another  handbook  of  material  properties  of 
plastics  ^  quotes  a  somewhat  higher  modulus  for  the  product.  This 
reference  quotes  350,000  psi  (2410  MPa)  for  cast  nylon  type  6  and  200,000 
psi  (1380  MPa)  for  nucleated  nylon  type  66.  The  variability  in  quoted 
mechanical  properties  points  to  a  second  important  conclusion  to  be  drawn 
from  the  mechanical  properties  tests.  That  is  that  even  Young's  modulus  is 
different  for  different  product  forms  and  possibly  even  for  different  lots 
of  the  same  material.  This  is  not  the  case  in  metals.  Thus,  it  is  not 
reasonable  to  treat  these  plastics  in  our  simulation  as  we  would  metals. 

Another  rather  important  note  to  be  made  relates  to  the  effects  of 
rate  of  strain  upon  the  mechanical  properties  of  nylon.  Within  the  same 
lot  of  material,  the  rate  at  which  the  material  is  strained  determines  in 
part  the  elastic  response  of  the  material.  Both  of  the  materials  tested 
(extruded  bar  and  spin-cast  tube)  exhibit  this  behavior.  The  rate  of 
strain  imposed  upon  the  impact  test  specimens  was  similar  to  what  could  be 
expected  to  occur  during  launch  of  a  projectile. 


2  Mew  Platiiu  Encyclopedia,  Octobu  197 S,  Volume  52,  Numbex  10 A, 
fAcCtaw-HUi  Publications  Company,  New  Voxk,  W. 
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IMPLICATIONS  OF  RESULTS 


Historically,  it  has  been  assumed  that  the  foundation  moment  for  a 
single  bore  contact  projectile  is  rather  small  and  would  have  a  second 
order  effect  on  projectile  motion.  The  results  of  this  project  indicate 
that  the  foundation  moment  in  a  short  wheel  base  round  is  not  a  neglectable 
effect.  This  will  be  shown  with  a  relatively  simple  calculation. 

If  we  presume 

•  that  the  modulus  is  more  likely  to  be  near  600,000  psi  (431  MPa)  as  a 
consequence  of  the  materials  test, 

•  that  the  lower  values  for  the  moment  are  more  nearly  correct  (the 
sliding  case),  and 

•  that  the  results  are  amenable  to  linear  scaling, 

then  the  calculations  can  be  made  to  evaluate  the  effective  magnitude  of 
the  restoring  moment  for  a  120-mm  projectile  (KE).  For  a  deflection  of 
0.02  in.  (0.051  cm)  related  to  the  test  apparatus,  the  net  foundation 
moment  generated  for  the  2.8  in.  (70  mm)  diameter  band  can  be  computed  from 

M70  =  F  d 

=  (829  Ibf )*  (5.5  in.) 

=  4565  in.-lbf  (5264  cin-Kg) 

Now  estimating  the  moment  for  a  120-mm  diameter  projectile,  presuming  that 
the  length  and  thickness  of  the  band  are  unchanged,  gives 

M120  =  m70  (-7§) 

»  (4565  in.-lbf)  (122) 

=  7825  in.-lbf 

Ml 20  ~  7800  in.-lbf  (8995  cm-Kg) 

’'This  value  is  taken  directly  from  Table  2  for  a  nylon  Young's  modulus 
of  600*000  psi  (4137  MPa)  and  fixed  R-d i recti  on  only. 
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The  0.02  in.  (0.051  cm)  deflection  at  the  moment  applying  end  is 
equivalent  to  about  0.21  degrees  of  angular  deflection.  To  calculate  the 
value  of  the  peak  moment  generated  by  having  the  center  of  mass  of  the 
projectile  at  some  axial  distance  from  the  position  of  the  obturator  band 
(the  hinge)  and  at  the  same  angle,  we  will  assume  a  peak  axial  acceleration 
of  50,000  g's  and  a  projectile  weight  of  16  Ibm  (7.26  Kg).*  The  resulting 
moment  is  given  by 

Macc  =  ^acc)  (^an  a)  (^)  » 

where 

Macc  =  peak  moment  due  to  acceleration. 

face  =  body  force  due  to  acceleration  =  mass  of  round  x  axial 

acceleration  (16  lbm)  x  (50,000  g's)  =  800,000  Ibf  (363,200  Kg) 
«  =  angular  displacement,  and 

t  =  axial  distance  between  center  of  gravity  and  center  of 
obturator  band. 

We  can  now  solve  for  £min  by  equating  the  two  moments,  or 

o  ,  -  Macc 

min  face  tan  a 

_ _ 7800  in.-lbf _ 

"  (800,000  lbf )  (tan  .21°) 

=  2.68  in.  (6.81  cm) 

In  other  words,  the  foundation  moment  in  this  case  will  equal  the  peak 
torque  produced  by  the  center  of  gravity  being  about  0.6  caliber  ahead  of 
the  axial  center  of  the  obturator  band.  If  the  band  restoring  moment  turns 
out  to  be  greater,  or  if  times  other  than  peak  propelling  gas  pressure  are 
considered,  the  foundation  moment  is  even  more  important. 

* - 

These  figures  are  representative  of  a  120-mm  KE  bullet. 
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It  should  be  recalled  that  several  assumptions  were  made  in  the  above 
calculation.  For  example,  instead  of  using  the  results  of  the  bench  tests 
in  which  sliding  was  restrained,  we  used  the  results  of  the  analysis  of  the 
same  geometry  in  which  sliding  was  permitted.  The  properties  of  the 
plastic  were  taken  from  results  of  mechanical  properties  tests.  Linearly 
elastic  behavior  with  no  yielding  was  assumed.  The  measured  yield  strength 
of  the  plastic  is  about  12  kpsi  (82.7  MPa),  and  the  outer  portion  of  the 
plastic  in  the  analysis  showed  a  stress  of  approximately  that  magnitude. 
Also,  the  analysis  results  were  scaled  from  a  2.8  in.  (70  mm)  assembly  to 
a  4.7  in.  (120  mm)  assembly. 

If  any  one  of  the  above  assumptions  is  invalid,  the  comparison 
calculation  could  be  inaccurate.  We  believe,  however,  that  the  assump¬ 
tions  made  yield  results  that  are  conservative  in  the  event  that  they  are 
inaccurate.  It,  therefore,  seems  reasonable  to  expect  that  the  foundation 
moment  is  a  large  effect  and  must  be  included  in  any  calculation  involving 
the  dynamics  of  an  in-bore  projectile.  There  are  several  parameters  to  the 
problem  which,  however,  warrant  further  investigation.  Bench  tests  should 
be  performed  with  a  model  projectile  sliding  within  a  model  gun  tube. 
Different  grades  of  plastics  should  be  used:  for  example,  centrifugally 
cast  versus  extruded  material.  This  will  show  the  effect  of  typical 
variations  in  the  mechanical  properties  of  the  plastic  band  material.  The 
geometry  of  the  band  should  also  be  changed  to  assess  the  effects  of 
changing  the  thickness  of  the  band  and  the  length  of  the  bore  contact 
surface.  Finally,  the  importance  of  the  hysteresis  must  be  explored  as  a 
damping  mechanism  for  balloting  motion. 
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APPENDIX  A 


This  appendix  contains  a  calculation  to  resolve  the  apparent  dis¬ 
crepancy  in  analysis  results  for  the  two  different  boundary  condition 
cases:  sliding  or  no  sliding.  In  the  sliding  case,  the  gun  bore-nylon 
interface  is  modeled  as  friction  free  and  only  the  radial  compliance  of  the 
nylon  withstands  the  applied  moment.  In  the  no-sliding  case,  both  the 
radial  compliance  and  the  shear  stress  at  the  gun  bore-nylon  interface  will 
withstand  the  moment. 

Figure  A-l  portrays  symbolically  the  two  different  boundary  condition 
cases.  The  upper  portion  shows  the  sliding  friction  free  case,  and  the 
lower  portion  shows  the  no-sliding  case.  Let  us  define  terms  as  follows: 

1  =  length  of  gun  bore  to  nylon  interface  (width  of  obturator) 
t  =  thickness  of  nylon 

R  =  radius  of  center  of  projectile 
r  *  radial  position  or  direction 

2  =  longitudinal  or  down-bore  direction 
E  *  nylon  Young's  modulus 

G  *  nylon  shear  modulus  a  j  '(f 'V"vJ 
v  =  nylon  Poisson's  Ratio 

e  a  rotation  of  projectile  about  the  center  -  this  rotation  causes 
the  moment 

u  =  displacement  in  the  radial  direction  (r  direction) 
v  *  displacement  in  the  longitudinal  direction  (z  direction). 

First, we  will  look  at  the  no-sliding  case.  The  relationship  between 
shear  stress  and  shear  strain  can  be  given  by  Hooke's  Law  as  follows: 


PBf  VIOUS  J»AOE 
IS  BLANK 


‘V-  Vv!.r.  ’■*  i  ■' 


hrmnnwr 


Idealization  of  Test  Fixture  Geometry  Showing  Both 
Boundary  Condition  Cases:  Sliding  (Top)  and 
Nonslldlng  (Bottom) 


Our  displacement  relationships  are  as  follows: 


at  r  =  R  ,  v  =  Re 

at  r  =  R  +  t  ,  v  =  0 


and  in  general 


For  sliding  and  no  sliding,  the  u-displacements  are  as  follows 

u  *  -  v  (z/R) 

•  -  Re  (z/R)  [— -  *  '  *] 


Now,  going  back  to  our  shear  stress/strain  relationships 


and  differentiating 

*  =  -  ~  [r  -  R  -  t  ♦  R]  ■  -  S®  [r  -  t] 

and  for  r  »  R 

t  ■  Sf  [R  -  t] 


and  the  moment  due  to  this  shear  stress  can  be  given  by 

^shear  ®  2  t  a.  R 

=  2  Ge  i  R  (R  -  t) 
i  t 


-53- 


and  from  our  shear  modulus/Young's  modulus  relationships 


Mshear 


E  e  a  R  (R  -  t: 

t  n +V 


The  radial  stress  at  any  point,  or,  can  be  given  by 


3  E  3  E  [-  sz  (1/t)] 


E  0  z 


or - F 


and  the  moment  due  to  this  radial  stress  can  be  given  by 

A/2 

Mradial  s  2  /  z  or  dz 
<U2 


AH 

-J  d* 

1  J-t/2 

u  riif/2 
t  L  3-Lz/2 


-Eoa3 


Now,  what  we  want  is  a  measure  of  the  difference  between  the  two  boundary 
condition  cases,  or  a  ratio  as  follows 


Ratio 


Moment  due  to  or 


Ratio  ■ 


Eet3/6t 
Eet3/6t  + 


or,  after  some  algebraic  manipulation 


Ratio 


1  +  6 


1 

ft  (R~~~~tT 

t 2  (1  +  v) 


Taking  values  of  the  dimensions  from  our  test  fixture,  as  follows: 


t  *  0.2  in.  (0.51  cm} 

R  *  1.2  in.  (3.05  cm) 
l  =  1.0  in.  (2.54  cm) 
v  =  0.386  (from  material  test  data) 

Then  the  ratio  can  be  evaluated  as  follows 


Ratio  * 


1  +  6 


ir^nrrzjL 

(1.0)*  (1  +  .386} 


Ratio  *  0.16 


From)  our  finite  element  results,  the  ratio  of  results  can  be  evaluated  as 
follows  and  compared  to  the  closed-form  solution: 

1314 

Ratio  From  Finite  Element  Results  a  7355- 
Ratio  Calculated  »  0.18 


The  closed-form  estimate  is  based  upon  many  assumptions,  such  as  a 
rigid  representation  of  the  metal  parts.  The  difference  between  the  0.16 
calculated  closed  form  and  the  0.18  calculated  using  ANSYS  is  therefore  not 
considered  significant.  The  fact  that  the  ratio  is  so  small,  or  that  the 
shear  stress  plays  such  a  major  role  in  determining  the  moment  is,  however, 
a  significant  finding. 
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US  Army  Field  Artillery  School 
ATTN:  Field  Artillery  Agency 
Fort  Sill,  PK  73503 

1  Commander 

US  Army  Infantry  School 
ATTN:  BG  R.W.  Rlscassi 
Fort  Benning,  GA  31905 


No.  of 

Copies  Organization 


l  Commander 

Naval  Research  Laboratory 

ATTN:  Commander  H.  Peritt,  Code  R31 

Washington,  DC  20375 


1  Commander 

David  W.  Taylor  Naval  Shit) 

Research  §  Development  Center 
Bethesda,  MD  20084 


1  Superintendent 

Naval  Postgraduate  School 
ATTN:  Dir  of  Lib 
Monterey,  CA  93940 

1  Commander 

US  Army  Combined  Arms  Combat 
Development  Activity 
Fort  Leavenworth,  KS  66027 

1  Commander 

US  Army  Combat  Development 
Experimentation  Command 
ATTN:  Tech  Info  Center 
Bldg.  2925,  Box  22 
Fort  Ord,  CA  93941 

1  Commander 

Naval  Sea  Systems  Command 
ATTN:  ORD- 91 32 
Washington,  DC  20362 

1  Commander 

Naval  Sea  Systems  Command 
(SEA-62R41) 

ATTN:  L.  Pasiuk 
Washington,  DC  20362 


4  Commander 

Naval  Research  Laboratory 
ATTN:  Mr.  W.J.  Ferguson 
Dr.  C.  Sanday 
Dr.  H.  Pusey 
Dr.  F.  Rosenthal 
Washington,  DC  20375 

6  Commander 

Naval  Surface  Weapons  Center 
ATTN:  Code  X211,  Lib 
E.  Zimet,  R13 

R. R.  Bernecker,  R13 
U.W.  Forbes,  R13 

S. J.  Jacobs,  R10 
K.  Kim,  R13 

Silver  Spring,  MD  20910 
3  Commander 

Naval  Surface  Weapons  Center 
ATTN:  Code  E-31,  R.C.  Reed 

M.T.  Walchak 
Code  V-14,  W.M.  Hinckley 
Silver  Spring,  MD  20910 


5  Commander 

Naval  Surface  Weapons  Center 
ATTN:  Code  G- 33 ,  T.N.  Tschirn 
Code  N-43,  J.J.  Yagla 
L.  Anderson 
G.  Soo  Hoo 

Code  TX,  Dr,  W.G.  Soper 
Dahlgren,  VA  22448 
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1  Commander 

Naval  Weapons  Center 
China  Lake,  CA  93555 

i  Commander 

Naval  Weapons  Center 
ATTN:  J.  O'Malley 
China  Lake,  CA  935S5 


2  AFATL 

Gun  and  Rocket  Division 
ATTN:  W.  Dittrich;  DLJM 
D.  Davis;  DLDL 
Eg! in  AFB,  FL  32542 

2  ADTC/DLJW 

Eglin  AFB,  FL  32542 


2  Commander 

Naval  Weapons  Center 
ATTN:  Code  3835,  R.  Sewell 
Code  3431  ,  Tech  Lib 
China  Lake,  CA  93555 

2  Commander 

US  Naval  Weapons  Center 
ATTN:  Code  608,  Mr.  R.  Derr 

Code  4505,  Mr.  C.  Thelen 
China  Lake,  CA  93555 

3  Commander 

Naval  Weapons  Center 
ATTN:  Code  4057 

Code  3835  B.  Lundstrom 
Code  3835  M.  Backman 
China  Lake,  CA  93555 

1  Commander 

Naval  Ordnance  Station 
Indian  Head,  MD  20640 

2  Commander 

Naval  Ordnance  Station 

ATTN:  Code  5034,  Ch.  Irish,  Or. 

T.C.  Smith 

Indian  Head,  MD  20640 


1  ADTC/DLODL,  Tech  Lib 
Eglin  AFB,  FL  32542 

1  AFWL/SUL 

Kirtland  AFB,  NM  87115 

1  AFWL/SUL 

ATTN:  J.L.  Bratton 
Kirtland  AFB,  NM  87113 

1  AFMl  (  Dr.  T.  Nicholas) 

Wright-  Patterson  AFB,  OH  45433 

2  ASD  (XROT,  G.  Bennett; 

ENFTV,  Martin  Lent 2) 
Wright-Patterson  AFB,  OH  45433 

1  New  Mexico  Institute  of 

Mining  and  Technology 
Terra  Group 
Socorro.  NM  87801 

2  Battel le  Memorial  Institute 
ATTN:  Dr.  L.  E.  Hulbert 

Mr.  J.  E.  Backofen,  Jr. 
505  King  Avenue 
Columbus,  OH  43201 


1  Office  of  Naval  Research 

ATTN:  code  0NR  439,  N.  Perrone 
Department  of  the  Navy 
800  North  Quincy  Street 
•  Arlington,  V A  22217 

1  Commandant 
US  Marine  Corps 
ATTN:  AX 

Washington,  DC  20380 
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3  Battel! e  Pacific  Northwest 
Laboratory 
ATTN:  E.M.  Patton 

Dr.  F.A.  Simonen 
L.A.  Strope 
P.0.  Box  999 
Richland,  WA  99352 

1  Bell  Telephone  Laboratories,  Inc. 
Mountain  Avenue 
Murray  Hill,  NJ  07971 

1  Director 

Lawrence  Livermore  Laboratory 
P.O.  Box  808 
Livermore,  CA  94550 

L  Director 

Lawrence  Livermore  Laboratory 
ATTN:  E.  Farley,  L9 
D.  Burton,  L200 
Livermore,  CA  94550 


3  Di rector 

Lawrence  Livermore  Laboratory 
ATTN:  Dr.  R.H.  Toland,  L-424 
Dr.  M.L.  Wilkins 
Dr.  R.  Werne 
Livermore,  CA  94550 

1  01  rector 

NASA  -  Ames  Research  Center 
Moffett  Field 
CA  94035 

2  Forrestal  Research  Center 
Aeronautical  Engineering  Laboratory 
ATTN:  Dr.  S.  Lam 

Dr.  A.  Er ingen 
Princeton,  NJ  08540 

1  Sandia  National  Laboratories 
ATTN:  D.E.  Waye 
Livermore,  CA  94550 


1  AFELM,  The  Rand  Corporation 
ATTN:  Library-D 
1700  Main  Street 
Santa  Monica,  CA  90406 

1  Aircraft  Armaments  Inc. 

ATTN:  John  Hebert 

York  Road  &  Industry  Lane 
Cockeysville,  MP  21030 

2  ARES,  Inc. 

ATTN:  Duane  Summers 
Phil  Conners 
Port  Clinton,  OH  43452 

2  AVCO  Corporation 

Structures  and  Mechanics  Department 
ATTN:  Dr.  W.  Broding 
Mr.  J.  Gilmore 
Wilmington,  MA  01887 

3  BLM  Applied  Mechanics  Consultants 
ATTN:  Dr.  A.  Bores 1 

Dr.  R.  Miller 
Dr.  H.  Langhaar 
3310  Willett  Drive 
Laramie,  WY  82070 

1  Martin  Marietta  Laboratories 
ATTN:  Mr.  J.I.  Bacile 
Orlando,  FL  32805 

1  H.  V.  White  Laboratory 
3114  Scarboro  Road 
Street,  MD  21154 

1  CALSPAN  Corporation 
ATTN:  E.  Fisher 
P.O.  Box  400 
Buffalo,  NY  14225 

1  FMC  Corporation 

Ordnance  Engineering  Oi vision 
San  Jose,  CA  95114 

1  Kanan -TEMPO 
ATTN:  H.  Bryant 
715  Shamrock  Road 

Bel  Air,  MD  21014 
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1  General  Electric  Company 

ATTN:  Armament  Systems  Department 
D.  A.  Graham 
Lakeside  Avenue 
Burlington,  VT  05402 

1  01  in  Corporation 

Badger  Army  Ammunition  Plant 
ATTN:  R.J.  Thiede 
Baraboo,  WI  53913 

l  S&D  Dynamics,  Inc. 

ATTN:  Dr.  M.  Soifer 
755  New  York  Avenue 
Huntington,  NY  11743 

1  Southwest  Research  Institute 
ATTN:  P.A.  Cox 
8500  Culebra  Road 
San  Antonio,  TX  78220 

1  Southwest  Research  Institute 
ATTN:  Mr.  T.  Ueter 
8500  Culebra  Road 
San  Antonio,  TX  78228 

1  University  of  Dayton 
Research  Institute 
ATTN:  S.J.  Bless 
Dayton,  OH  45406 

1  University  of  Delaware 
Department  of  Mechanical 
Engineering 

ATTN:  Dr.  H.  Kingsbury 
Newark,  DE  19711 

1  University  of  Illinois 
Aeronautical  and  Astronautical 

Engineering  Department 
101  Transportation  Building 
ATTN:  Prof.  Adam  Zak 
Urbana,  IL  61801 

2  University  of  Iowa 
College  of  Engineering 
ATTN:  Dr.  R.  Benedict 

Dr.  E.J.  Haug 
Iowa  City,  IA  $2240 
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1  Rutgers  University 

Dept,  of  Mechanical  and  Aerospace 
Engineering 
P.0.  Box  909 
ATTN:  Dr.  T.W.  Lee 
Piscataway,  NJ  08854 

1  University  of  Wisconsin 

Mechanical  Engineering  Department 
ATTN:  Prof.  S.M.  Wu 
Madison,  WI  53706 

1  University  of  Wisconsin 
Mathematics  Research  Center 
610  Walnut  Street 
ATTN:  Prof.  B.  Noble 
Madison,  WI  53706 

Aberdeen  Proving  Ground 

Dir,  USAMSAA 
ATTN:  DRXSY-D 

DRXSY-MP,  H.  Cohen 
DRXSY-G,  E.  Christman 
DRXSY-OSD,  H.  Burke 
DRXSY-G,  R.C.  Conroy 
DRXSY-LM,  J.C.C.  Fine 
Dir,  USAHEL 

ATTN:  DRXHE,  A.H.  Eckles,  III 
Cdr,  USATECOM 
ATTN:  DRSTE-CE 
DRSTE-TO-F 

Dir,  USACSL,  Bldg.  F.3516,  EA 
ATTN:  DRDAR-CLB-PA 
DRDAR-CL 
DRDAR-CLB 
DRDAR-CL D 
DRDAR-CLY 
DRDAR-CLN 

DRDAR-CLN-D,  L.  Shaff 
DRDAR-CLN-D,  F.  Dagostin 
DRDAR-CLN-D,  C.  Hughes 
DRDAR-CLN,  J.  McKivrigan 
DRDAR-CU-L 
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USER  EVALUATION  OF  REPORT 


Please  take  a  few  minutes  to  answer  the  questions  below;  tear  out 
this  sheet,  fold  as  indicated,  staple  or  tape  closed,  and  place 
in  the  mail.  Your  comments  will  provide  us  with  information  for 
improving  future  reports. 

1.  BRL  Report  Number _ 

2.  Does  this  report  satisfy  a  need?  (Comment  on  purpose,  related 
project,  or  other  area  of  interest  for  which  report  will  be  used.) 


3.  How,  specifically,  is  the  report  being  used?  (Information 
source,  design  data  or  procedure,  management  procedure,  source  of 
ideas,  etc.) _ 


4.  Has  the  information  in  this  report  led  to  any  quantitative 
savings  as  far  as  man-hours/contract  dollars  saved,  operating  costs 
avoided,  efficiencies  achieved,  etc.?  If  so,  please  elaborate. 


5.  General  Comments  (Indicate  what  you  think  should  be  changed  to 
make  this  report  and  future  reports  of  this  type  more  responsive 
to  your  needs,  more  usable,  improve  readability,  etc.) _ 


6.  If  you  would  like  to  be  contacted  by  the  personnel  who  prepared 
this  report  to  raise  specific  questions  or  discuss  the  topic, 
please  fill  in  the  following  information. 

Name: 


Telephone  Number: 
Organization  Address: 


